NASA's Physics of the Cosmos (PCOS) and Cosmic Origins (COR) Program Offices, established in 2011, reside at the NASA Goddard Space Flight Center (GSFC). The offices serve as the implementation arm for the Astrophysics Division at NASA Headquarters. We present an overview of the programs' technology development activities and technology investment portfolio, funded by NASA's Strategic Astrophysics Technology (SAT) program. We currently fund 19 technology advancements to enable future PCOS and COR missions to help answer the questions "How did our universe begin and evolve?" and "How did galaxies, stars, and planets come to be?" We discuss the process for addressing community-provided technology gaps and Technology Management Board (TMB)-vetted prioritization and investment recommendations that inform the SAT program. The process improves the transparency and relevance of our technology investments, provides the community a voice in the process, and promotes targeted external technology investments by defining needs and identifying customers. The programs' goal is to promote and support technology development needed to enable missions envisioned by the National Research Council's (NRC) "New Worlds, New Horizons in Astronomy and Astrophysics" (NWNH) Decadal Survey report [1] and the Astrophysics Implementation Plan (AIP) [2]. These include technology development for dark energy, gravitational waves, X-ray and inflation probe science, and a 4m-class UV/optical telescope to conduct imaging and spectroscopy studies, as a post-Hubble observatory with significantly improved sensitivity and capability.
INTRODUCTION
The time to develop new technologies is when you first recognize the potential need, not when a high-cost project dependent on those technologies is burning through its budget. Indeed, as reported in a 2008 Space Review article [3] , "…in the mid-1980s, NASA's budget office found that during the first 30 years of the civil space program, no project enjoyed less than a 40% cost overrun unless it was preceded by an investment in studies and technology of at least 5 to 10% of the actual project budget that eventually occurred." Technology maturation involves levels of technical, cost, and schedule risks better addressed in the framework of a tightly focused research and development project than during a flight project that critically depends on timely success.
In recent years, NASA flight projects were required to achieve prior to their Preliminary Design Review (PDR) a Technology Readiness Level (TRL) of at least 6, which according to systems engineering process NPR 7123.1B, Appendix E is defined as "System/sub-system model or prototype demonstration in an operational environment" [4] for all technologies they intend to deploy. While this requirement is eminently sensible, it can only be effective if it can rely on a robust technology development program, adequately funded to cover the gap between "Blue Skies" investigations, leading up to TRL 3 (defined as "Analytical and experimental critical function and/or characteristic proof-of-concept" [4] ) and a TRL 5 (defines as "Component and/or breadboard validation in relevant environment." [4] ). Unfortunately, as noted in the NWNH, in the latter part of last decade, funding for NASA's Research and Analysis (R&A) program responsible for that technology gap had been cut significantly. Possibly as a result, as recently as March of 2012, the Government Accountability Office (GAO) reported to Congress that an assessment of 21 NASA projects, with a combined life-cycle cost in excess of $43 billion showed a majority had significant cost and schedule overruns. The report stated, "Most of the projects that GAO reviewed did not meet technology maturity and design stability best practices criteria, which if followed can lessen cost and schedule risks faced by the project. Specifically, 10 of the 16 projects that held a preliminary design review moved forward without first maturing technologies. In addition, 13 of the 14 projects that held a critical design review did so without first achieving design stability." [5] Such observations underscore the crucial need for mid-term technology development programs, funded at adequate levels.
Such mid-term technology development programs allow multiple promising technological paths toward addressing future scientific goals to be pursued in parallel, as a programmatic mitigation of the technical risk involved in each specific path. In addition, this approach mitigates the risk that science requirements may change between identification of a specific technology gap, and funding of the type of mission that was envisioned to take advantage of the technology developed to close that gap. Finally, a broad and robust mid-term technology development program enables a wider range of possible science missions, permitting a broader competition for funding. The limiting factor is that as TRL approaches 5 or 6, more costly subsystem and system prototype are needed, and more involved and expensive test and validation programs must be used to prove these prototypes can withstand relevant environment testing. Mid-term technology programs thus suffer from the fact that they tend to be more expensive than Blue Skies proof of concept efforts, and cannot provide the direct science results of flight missions. This combination makes such programs tempting cost-cutting targets. Nonetheless, as pointed out above, such targeted cost-cutting is akin to sawing off the limb on which future scientific discoveries and accomplishments rest.
It is with such thoughts in mind that the NWNH authors stressed that "Technology development is the engine powering advances in astronomy and astrophysics, from vastly extending the scientific reach of existing facilities to opening up new windows on the universe. All of the Astro2010 PPPs [Program Prioritization Panels] emphasized the critical importance of technology development, and each stressed the urgent need to augment existing funding levels to realize important programs essential to reducing the technical, cost, and schedule risk of planned missions. Mission-or projectspecific technology development must reach an acceptable level before accurate costs can be determined, priorities set, and construction scheduled. Failure to develop adequately mature technology prior to a program start also leads to cost and schedule overruns." [1] The NWNH also observed that suborbital programs serve as a useful opportunity to mature or prove technologies later implemented in space missions, and support the entry of new researchers into the corps of future major mission principal investigators (PI). Suborbital programs include both sounding rockets and scientific ballooning, the latter either Long Duration Balloons (LDB) or Ultra-Long Duration Balloons (ULDB), whichever proves more cost-effective in terms of observing days per dollars spent. One of the NWNH recommendations was to increase funding for these opportunities.
NWNH DECADAL SURVEY GOALS
NWNH identified scientific goals, and recommended priorities, balancing the potential for scientific achievement against the expected cost and risk of programs needed to achieve those. These recommendations were informed by the budgetary expectations of NASA and other funding agencies over the decade following NWNH's release. Through the survey, the astronomy and astrophysics community has identified many flight mission concepts for the next few decades, concepts that would continue the record of breakthroughs achieved by such major missions as the Hubble Space Telescope (HST), Chandra, and Spitzer. Such new missions would expand the depth of our observations, extend them to new wavelengths, and dramatically increase their precision. These ambitious concepts, intended to tackle the next rung in our astronomy and astrophysics knowledge ladder, require technological advances to move them from the realm of heartfelt desire to within our technical and, as importantly, our budgetary reach.
These concepts include optical and infrared survey telescopes that would enable study of the nature of dark energy, detailed observation of thousands of planetary systems, some possibly nearby and hosting planets capable of sustaining life as we know it, and viewing the time-development of our universe, viewing it as a "movie," rather than a set of still images. Other missions will measure gravitational waves, allowing us to observe the merging of black holes far outside our Milky Way galaxy, and precision testing of general relativity and other possible theories of gravitation beyond what may be achievable on the ground. Finally, instruments sensitive to electromagnetic radiation at opposite ends of the spectrum, X-ray and radio frequency (RF), will allow observation and studies of the earliest massive black holes, as well as subtle signatures of inflation left in the details of the cosmic microwave background (CMB) radiation.
The top priority large-scale space missions were identified as follows, in priority order. The Wide-Field Infrared Survey Telescope (WFIRST), intended to settle essential questions in exoplanet and dark energy research, and able to also advance the study of galactic evolution and objects within the Milky Way. Augmenting NASA's Explorer Program, which has delivered high scientific returns per dollar invested, rapidly deploying new technological breakthroughs to address newly identified scientific targets and goals. The Laser Interferometer Space Antenna (LISA), designed to measure low frequency gravitational waves or ripples in space-time, to identify and probe nearby white dwarf stars, black holes, and other massive objects. The International X-ray Observatory (IXO), intended for precision measurements that promise to revolutionize our understanding of the hot gas associated with stars and galaxies throughout their lifecycles. Medium-scale space-related, high-priority programs identified include those addressing the scientific and technical foundations needed to address the study of nearby Earth-like planets, and details of the CMB probing inflation shortly after the Big Bang. High-priority, large-scale ground-based projects identified include the Large Synoptic Survey Telescope (LSST), enabling breakthrough observation of the variable universe, studying dark energy, and even assisting in early identification of potential Near-Earth Objects (NEOs) that may pose a threat to the planet. Next, increased funding for the Mid-Scale Innovations Program, promoting the technical breakthroughs needed for new telescopes and other instruments. Several ground-based telescopes include the Giant Segmented Mirror Telescope (GSMT), the Atacama Large Millimeter/submillimeter Array (ALMA), and LSST, and participation in the Atmospheric Čerenkov Telescope Array (ACTA). NWNH also identified other, lower cost, priority projects and programs. All of the above goals, themes, and priority projects and programs depend on as-yet unrealized technologies, requiring significant funding to mature them from concepts to environmentally-tested prototypes, as a prerequisite to acceptable mission and project budgets, and acceptable mission and project risks, be these technical, schedule, and/or cost risks.
NASA PHYSICS OF THE COSMOS AND COSMIC ORIGINS PROGRAMS
NASA's Astrophysics Division addresses three strategic themes corresponding to three fundamental and enduring questions: How does our universe work? How did we get here? Are we alone? These themes are each addressed by an office with its own portfolio, missions, and activities. These are, respectively, the PCOS, COR, and Exoplanet Exploration Program (ExEP) offices. This paper concentrates on the technology development activities of the PCOS and COR program offices
The PCOS and COR program offices strive to make their process transparent, informing stakeholders of technology needs, the details of the prioritization process, and the priority ranking outcome. The program offices communicate to the community their technology investments, and progress in funded projects, through a pair of Program Annual Technology Reports (PATR) † . Each PATR also lists the program's technology needs as identified by the community, and the result of the year's prioritization process.
The offices ensure the most relevant technologies are funded and developed by following the guidance of NASA HQ's Astrophysics Division. The process is structured in a way that encourages industry and other external players to invest in technologies expected to promote successful future missions by identifying existing and emerging needs, and by introducing potential customers and possible providers of technologies.
The Astrophysics Division launched its Strategic Astrophysics Technology (SAT) program in 2009, with the goal of addressing the mid-TRL gap discussed above. Projects funded by SAT are expected to identify verifiable milestones and propose realistic schedules for maturing their technologies from TRLs of 3, 4, or 5, to higher TRLs, up to 6. SAT was launched before NWNH was released, but already helps address many of the survey's technology development recommendations. The process for selecting high priority technology development projects, involving as it does the science community, ensures funded projects mature technologies most likely to support the highest priority flight missions identified by the community in NWNH. Since technology needs and priorities are strongly dependent on science goals, SAT was organized in three components, one each for the different themes: Technology Development for PCOS (TPCOS), Technology Development for COR (TCOR), and Technology Development for ExEP (TDEM).
The PCOS Program
The PCOS Program concentrates on activities, technologies, and projects intended to enhance our understanding of how the universe works, starting with its building blocks, matter, energy, space, and time, and how their behavior is affected as the universe evolves, from the first instant after the Big Bang, through the present, and into the future. This includes cosmology, high-energy astrophysics, and physics projects targeting massive objects such as black holes and neutron stars, dark matter, dark energy, and gravitational waves. These missions use observations of gamma-and X-rays, UV, visible, IR, RF, and even gravity waves. Currently operating and future planned PCOS missions include the following.
• Fermi Gamma-Ray Space Telescope, gamma ray, launched in 2008 • Chandra, X-ray, launched in 1999 • X-ray Multi-mirror Mission-Newton, X-ray, launched in 1999 • Space Technology 7/Laser Interferometer Space Antenna (LISA) Pathfinder (ST7/LPF), gravity wave, ESA mission with US participation, planned to launch in 2015 • Euclid, visible and Near-IR, ESA mission with US participation, planned to launch in 2020 PCOS solicits community input, and engages in ongoing discussions with the community through the PCOS Program Analysis Group (PhysPAG), constituted by the NASA Astrophysics Subcommittee. The program maintains a webpage for individual input as to technology gaps ‡ , and each summer, the program's TMB meets to discuss all identified gaps, prioritizing these based on a set of published criteria. The criteria, described in each year's PATR, were recently streamlined, and now include only strategic alignment with scientific and programmatic priorities, degree of benefit and impact, urgency, and effectiveness (see Section 4 below for more details).
The COR Program
The COR Program concentrates on activities, technologies, and projects intended to enhance our understanding of the origin and evolution of the universe, from the Big Bang to the present. The scientific question addressed is how the universe expanded and evolved from the microscopic size at its earliest moment to the vast cosmic web of dark matter, dark energy, matter in all its phases, and energy we see around us. COR's program also addresses the processes of star formation, aging, and death; nucleosynthesis, wherein heavier elements crucial to life as we know it are created; as well as planetary formation. In brief, the majority of the field of astronomy falls within this program's purview.
COR manages and integrates missions and activities in space, on the ground, and aloft within the Earth's atmosphere, allowing each to build on the achievements and knowledge developed by its predecessors and contemporaries. The following is a partial list of current and future science missions within the COR Program.
• Due to a budgetary future more constrained than anticipated at the time of NWNH's writing, COR has been studying the possibility of addressing multiple related science objectives enjoying community consensus, and having similar instrumental and mission requirements, using a single observatory. Further, COR supports multiple technology development efforts designed to mature technologies identified by the community as likely to address gaps impeding the achievement of such an observatory, as well as other possible COR-related missions. These technologies include e.g. multi-object UV spectroscopy, broad wavelength UV/visible imaging, and UV/visible/Near-IR observatory concepts. As an example of COR funding maturing technologies that are then incorporated in flight missions, new Far-IR detectors matured with COR support have been implemented into SOFIA's High-resolution Airborne Wide-bandwidth Camera.
As mentioned above, some of the vision presented in NWNH has been scaled back, due to a more constrained budgetary outlook than was expected as of the survey's release. This new reality is reflected in NASA's 2012 AIP [2] , which details the activities of the Astrophysics Division, in pursuit of NWNH's vision as constrained by available budgets. COR also solicits community input, and engages in ongoing discussions with the community through the COR Program ‡ The Program solicits specific technology needs inputs at the start of each summer for the year's prioritization cycle, but happily accepts unsolicited input year-round though an online form at pcos.gsfc.nasa.gov/technology/tech-gap-form.php.
Analysis Group (COPAG). The program maintains a webpage for individual input as to technology gaps § , and each summer, the TMB discusses and prioritizes identified gaps based on the same published criteria as PCOS.
PCOS AND COR PROCESS FOR TECHNOLOGY GAP IDENTIFICATION AND TECHNOLOGY MANAGEMENT
PCOS and COR have developed an annual process for identifying technology gaps, and manage technologies (Fig. 1) . The process engages the relevant communities through public meetings including PhysPAG and COPAG workshops, and solicits community input on technology gaps prior to the summer TMB meetings and year-round through downloadable and browser-based web forms. The programs' TMBs prioritize the technology gaps based on the streamlined set of criteria mentioned above. Finally, the Program Offices encourage and promote insertion of newlymatured technologies into new missions as appropriate. As COR and PCOS projects progress, the picture of technology gaps, science requirements, and budgetary context change from year to year, so the programs repeat the process annually, to maintain priority relevance. The Program Offices encourage submitters to include as much of the information requested as they can, as this increases the likelihood of accurate prioritization, usually in favor of the more complete entries. The solicitation is for missing capabilities, not specific implementation, and the requirements should be clear and measurable. Thus, an entry stating the need for "A higher quantum efficiency avalanche photodiode" would be far less useful than stating a need for "A photodetector with at least 90% quantum efficiency from 300 nm to 800 nm." With such clear, specific, measurable requirements, the TMB is better able to prioritize, NASA HQ would be better able to develop a technology development proposal call, and potential proposers would be better able to assess candidate technologies for submission, and for later mission implementation. Where competition sensitivity prevents specifying exact technical parameters, specifying at least ranges or targets for relevant parameters is almost as useful. Submitters are asked to state the current state-of-the-art capability, and how the need exceeds it. Providing a list of potential NASA missions that could use a technology covering the specified gap improves the probability of higher priority.
The criteria used by the TMB are presented and described in the PATR as follows (with weight factors in parentheses).
• Strategic Alignment (10): How well does the technology align with scientific and/or programmatic priorities as determined by the AIP or current programmatic assessment? A technology related to a mission ranked highly by a major directive or review process should receive a higher score. If a technology is generally useful to many missions, it should score higher.
• Time to Anticipated Need (3): How much time is available before the technology is needed at TRL 5/6 or before the decision to invest must be made? A technology serving a more immediate mission need should score higher than one where implementation is not expected for a long time and/or there is more than ample time for development.
TECHNOLOGY GAPS IN 2013 PATRS
The 2013 PCOS PATR lists 70 technologies and the COR PATR lists 17, with each list divided into three priority tiers.
The following are the top priority tier technology gaps in the two programs (see the 2013 PATRs for the complete list including tiers 2 and 3).
Once a technology gap has been identified as being high priority, it is likely to be included in the Research Opportunities in Space and Earth Sciences (ROSES) SAT announcement of opportunity (AO). Proposals responding to these AOs are considered based on 1) overall proposal scientific and technical merit; 2) proposed work programmatic relevance; and 3) reasonableness of proposed cost. Tables 1 and 2 show the currently funded programs for PCOS and COR, respectively. 
OUTLOOK FOR THE FUTURE
Bridging the technological gap between concept (TRL 1-3) and implementable technology (TRL 7-9) enables proposers of future missions to craft plausible schedules and budgets, and funded missions to stay within, or at least close to, their proposed schedules and budgets. The expected successful maturation of the technologies listed above will enable and enhance future missions measuring signals arriving from cosmic sources, be they electromagnetic radiation from across the spectrum, or gravitational waves. Such missions can be expected to provide further breakthroughs in our understanding of the origin of the universe, and the physics laws that govern it, through its evolution.
